The spatial distribution of tropical tree species can affect the consistency of the estimators in commercial forest inventories, therefore, appropriate sampling procedures are required to survey species with different spatial patterns in the Amazon Forest. For this, the present study aims to evaluate the conventional sampling procedures and introduce the adaptive cluster sampling for volumetric inventories of Amazonian tree species, considering the hypotheses that the density, the spatial distribution and the zero-plots affect the consistency of the estimators, and that the adaptive cluster sampling allows to obtain more accurate volumetric estimation. We use data from a census carried out in Jamari National Forest, Brazil, where trees with diameters equal to or higher than 40 cm were measured in 1,355 plots. Species with different spatial patterns were selected and sampled with simple random sampling, systematic sampling, linear cluster sampling and adaptive cluster sampling, whereby the accuracy of the volumetric estimation and presence of zero-plots were evaluated. The sampling procedures applied to species were affected by the low density of trees and the large number of zero-plots, wherein the adaptive clusters allowed concentrating the sampling effort in plots with trees and, thus, agglutinating more representative samples to estimate the commercial volume.
INTRODUCTION
The Amazon Forest composes the richest collection of plant species on the planet, having approximately 16 thousand tree species, where approximately 50% of the trees are concentrated in only 1.4% of species (Ter Steege et al. 2013 ) in a flora composed of many rare species of restricted distribution (Hopkins 2007) . For this, the spatial patterns are frequently the focus of ecological researches, due to the high diversity in tropical forests that is characterized by low density of tax (Condit et al. 2000) . This knowledge is important to inventories, especially those intended for production and conservation forests.
The spatial distributions of species are fundamental for ecological modeling (Condit et al. 2000) , where they reflect recruitment and mortality SYLVIO P. NETTO et al. patterns, autoecological characteristics, syndrome of dispersion and reproductive biology (Crawley 1986 , Pianka 1994 , Dale 1999 . However, the spatial patterns can affect the consistency of the sampling procedures. If the pattern is aggregate, a sample with low number of plots can result in high or low density when the results are extrapolated to the population and, thus, appropriated sampling techniques are required (Odum and Barret 2008) .
In Brazilian Amazon, conventional sampling procedures are constantly applied to estimate volumetric stock of species groups (Higuchi et al. 1982 , Cavalcanti et al. 2011 , Oliveira et al. 2014 , where there are many rare and aggregate species responsible for high diversity that affect effectiveness of forest inventories. Nevertheless, there are no studies reported in the specialized literature about appropriate sampling techniques by specifics species with different spatial patterns in the Amazon Forest.
In many studies, the adaptive cluster sampling has proved to be a versatile tool for evaluating rare and aggregate populations, because by conventional sampling you cannot estimate well their parameters (Thompson 1990 , Brown and Manly 1998 , Talvitie et al. 2006 . Initially, the adaptive sampling was developed by Thompson (1990) , which compared the results of this procedure with the conventional ones, evaluating different populations and finding satisfactory results, especially for aggregate and rare events.
In the adaptive cluster sampling, the first level is based on conventional methods as random or systematic. Through detection of a species or interesting phenomenon in the plots, the second level is started and new plots are allocated contiguously to the first ones. The second level continues until the target phenomenon is not detected and, then, the construction of the clusters is interrupted. Furthermore, its sampling structure and their estimators are presented in Thompson (1990) , Acharya et al. (2000) , Talvitie et al. (2006) and Lei et al. (2012) .
Considering the hypotheses that (1) the low density of trees, the spatial distribution of species and the high number of zero-plots affect the consistency of the samplings in tropical forests; and that (2) the adaptive cluster sampling allows to obtain more accurate volumetric stocks; the present study aims to evaluate the conventional sampling procedures and introduce the adaptive cluster sampling to inventory of tree species in Amazon Forest.
MATERIALS AND METHODS

STUDY AREA
A census dataset of a native forest with 1,596 ha and located in the Jamari National Forest, Rondônia State, Brazil, was used to developed this study. The Jamari National Forest occupies an area between the coordinates 09º 00' 00" S at 09º 30' 00" S and 62º 44' 05" W at 63º 16' 64" W in the Southwest Amazon Forest, where all trees with diameter at 1.3 m above the ground equal to or greater than 40 cm were measured, identified and georeferenced in an Annual Production Unit divided in 1,355 plots of 50 m × 250 m.
PHYTOSOCIOLOGICAL CHARACTERIZATION
The forest structure was characterized by means of phytosociological descriptors (Müeller-Dombois and Ellenberg 1974) and diversity indices (Shannon and Weaver 1949 , Simpson 1949 , Pielou 1969 . Also, the spatial patterns of species were classified through standardized Morisita's index (Morisita 1962) as random, with values between -0.5 and +0.5; uniform, characterized by values below -0.5; and aggregate, with values higher than +0.5 (Morisita 1962 , Amaral et al. 2015 . In addition, the Kernel density estimator (Silverman 1986) was applied to investigate the species density and their distributions, through ArcGIS 10.3 software and Spatial Analyst package (ESRI 2016).
SAMPLING PROCEDURES
Amazon tree species were selected considering different spatial patterns and the criteria of rarity, economic and social importance. Thus, the simple random, systematic, linear cluster and adaptive cluster sampling procedures were applied with 10% of the potential sampling units of 50 m × 250 m. In simple random sampling (Figure 1a) , the plots were randomly allocated to each one of the selected species populations, while the systematic sampling units in single stage were distributed with regular intervals of 250 m between them (Figure 1b) .
Furthermore, linear clusters were allocated randomly in the study area, being formed by four units of 50 m × 250 m separated by plots of equal size ( Figure 1c ). For adaptive clusters, the first stage consisted in a random allocation of sampling units, and those that corresponded to the inclusion criterion of at least one tree were selected for the second stage; subsequently, their neighbor plots with one or more trees were incorporated into each cluster, forming their respective networks in the final stage (Figure 1d) .
The estimated volume per hectare (1 to 3) and variance of the mean (4 to 7) were calculated for simple random sampling, systematic sampling, and linear cluster sampling Brena 1997, Husch et al. 2002) . While the modified Horvitz-Thompson estimators (Thompson 1990) were used and implemented by R statistical program (R Core Team 2013) for the adaptive clusters sampling. Furthermore, the standard error (8), relative sampling error (9), and confidence interval (10) were calculated for all sampling procedures. 
Adaptive cluster
Variance of the mean ( )
Relative sampling error (E%) % 100
Confidence interval the mean (CI) [ ]
Where: n = number of units sampled, i X = volume of the sample unit i, ij X = volume of unit i in linear clusters j, M = number of subunits of linear clusters, N = number of potential sample units, k = number of networks of the adaptive clusters present in the sample on the first sampling level, * k y = sum of observations of the net k of the adaptive clusters k, k α = probability of initial sample belong to network k, jk α = probability of initial sample to include at least one sampling unit in each network j and k, 2 x s = sample variance of volume, n f N = , t = value of student's t distribution, and P = associated probability of 95%. Thereby, for each sampling procedure and species, the statistical consistency was evaluated through Z test at significance level of 0.05, using the mean census volume ( µ ) as the reference value. The following hypotheses were tested: null 0 ( ) H , when there is no rejection of equality between the mean volume of sample and census ( )
:
H X = µ ; and alternative 1 ( ) H , when there is rejection of this equality ( )
H X ≠ µ . Also, the relative errors were evaluated, and the zero-plots, without trees (Heinsdijk 1965), were quantified in the sampling procedures.
RESULTS
In the census, 17,557 trees were sampled of 67 species (Table I) , where Fabaceae was the family with highest floristic richness (24 species), followed by Vochysiaceae with five species, and Where: N = number of trees, D% = density, F% = frequency, Do% = dominance, VI% = value of importance, * = it was not possible to calculate the Morisita's Index for these species, because occurred only one tree in the population, and highlighted lines = indicate de species selected in this study.
TABLE I (continuation)
An Acad Bras Cienc (2017) 89 (3) 1836 SYLVIO P. NETTO et al. were higher in locations with trees and decreased with increasing distance from these points. When the Morisita's index was applied (Table  I) , the random spatial distribution was observed for Cedrela fissilis, while the aggregate pattern was identified for Apuleia leiocarpa and Bertholletia excelsa, as well as for Terminalia amazonica that showed the highest level of aggregation and one of the greatest levels of rarity with density (D%) equal to 0.04%. Considering all species, 44.26% were classified as random, 55.73% as aggregate, and none with uniform distribution.
By means of the Z test at significance level of 0.05 (Table II) , the null hypothesis was rejected only for mean volume ( x ) in systematic sampling applied for Apuleia leiocarpa. However, statistical differences in association to the census ( µ ) were not found between the estimates by others sampling procedures, resulting in consistent confidence intervals (CI) for the means of studied species.
High relative errors (E%) were observed for the selected species (Table II) , especially for Terminalia amazonica, for which the application of adaptive cluster sampling increases the accuracy, as well as for Bertholletia excelsa and Cedrella fissilis. However, linear clusters were not effective for Terminalia amazonica, but they were superior than other procedures applied to Apuleia leiocarpa.
Regarding the percentage of zero-plots observed in each sampling procedure (Figure 3) , lower values were observed when using adaptive cluster sampling, mainly to Bertholletia excelsa (Figure 3d) . Moreover, the absence of trees per sampling unit resulted in zero-plots frequencies near to 100% for Terminalia amazonica (Figure  3a) , Apuleia leiocarpa (Figure 3b ) and Cedrela fissilis (Figure 3c ).
DISCUSSION
According to the selected species with distinct spatial distribution patterns (Figure 2 The Morisita's index equal to 0.59 for Terminalia amazonica was the largest among the species (Table I) , while the aggregate distribution (0.50) found for Apuleia leiocarpa and Bertholletia excelsa is common among tropical species due to soil conditions and syndrome of species dispersion (Condit et al. 2000 , Plotkin et al. 2000 , Seidler and Plotkin 2006 . The random distribution (-0.06) for Cedrela fissilis is less frequent, because it implies in more homogeneity of environment or in less specificity of the habitat (Matteucci and Colma 1982) .
In this context, to compare the influence of environmental factors in the distribution of Amazonian tree species, Barroso et al. (2011) concluded that the soil attributes affect the abundance of species, although present a weak correlation with species occurrence. However, Apuleia leiocarpa (Figure 2b ) and Cedrela fissilis (Figure 2c ) holds high commercial value and, thus, the historical factors of the exploitation can reveal a strong influence on their current spatial distributions (Tassin and Riviere 2003) , since the study area is inserted into a region of intense timber exploitation.
Bertholletia excelsa was observed in groups that ranged in size and number of trees ( Figure  2d) , and associated to other large trees on not flooded lands, where the natural clearings and the dispersion of its fruits by animals expand the population (Salomão 2009 , Thomas et al. 2014 ).
In addition to these factors, archaeological and historical evidences suggest the influence of the man, through collecting and cultivation, on the spatial distribution of the species (Peres et al. 2003 , Thomas et al. 2014 .
In inventories carried out in the Amazon Forest, the random, systematic and cluster sampling procedures are the most commonly applied (Higuchi 1987 , Ubialli et al. 2009 , Cavalcanti et al. 2011 , Queiroz et al. 2011 , Andrade et al. 2015 . However, in approaches by species, these procedures have not shown satisfactory performance in the estimates of the present study (Table II) , possibly due to low density of trees that affect the composition of representative samples, especially for Terminalia amazonica and, thus, confirming the first hypothesis of this study.
The spatial patterns (Figure 2 ) affected in the effectiveness of the sampling procedures (Table II) , endorsing the first hypothesis, whose spatial behaviors are concomitant effects of several mechanisms, as dispersion, predation, pathogenic disease, tolerance, germination and competition (Myster and Malahay 2012) . On the other hand, the abiotic factors, such as topography and lighting, also influencing on the dispersal of species (Svenning 1999) , turn the comprehension of aspects that determine the distribution pattern of tropical species more complex (Table II) . Where: µ = mean volume (census), x = mean sample volume, E% = relative sampling error, CI = confidence interval, z-p% = percentage of zero-plots, ns = no rejection of equality between the mean volume of sample and census, and * = rejection of the equality by Z test at significance level of 0.05. SYLVIO P. NETTO et al. In addition, the high presence of zero-plots (Figure 3 ) interferes on the volumetric estimates, resulting in increase of the sampling error, which proves the first hypothesis (Table II) . Therefore, the adaptive cluster sampling allowed to concentrate the sampling effort on non-zero-plots of the selected species. This enables us to maximize the efficiency of forest inventories and compose more representative samples for estimating commercial volume.
When applying adaptive cluster sampling, Talvitie et al. (2006) and Lei et al. (2012) observed that this procedure results in higher efficiency, when compared to conventional sampling procedures, highlighting its importance for surveying rare and aggregate populations. However, few studies have considered the problems of forest sampling with adaptive clusters (Roesch Jr 1993 , Acharya et al. 2000 , since the sub-sampling of rare species results in a considerable underestimation of the biodiversity (Hopkins 2007).
As an alternative to fixed area plots, sampling methods with probability proportional to size could reduce or eliminate the presence of zero-plots in the composition of samples. However, Prodan's points and Strand's lines have showed operationally impracticable, due to the area size and the difficulty to include trees of rare species in the sampling units. Thus, the results confirm the second hypothesis, that the adaptive cluster sampling reduces the zeroplots to estimate the commercial volume (Table II) , and is a quite appropriated procedure for sampling rare populations of many kinds (Thompson 1990 , Roesch Jr 1993 , Brown 2003 , Talvitie et al. 2006 , Soares et al. 2009 , Lei et al. 2012 .
The estimator's effectiveness of the sampling procedures is directly related to spatial patterns, levels of aggregation and species density, where the adaptive clusters enable to concentrate the sampling effort to plots with occurrence of trees, reducing the percentage of zero-plots and maximizing the accuracy of commercial volume estimates in Amazon Forest inventories. However, the sampling procedures applied independently to species could result in unsatisfactory statistical performance in the volumetric estimations, due to the low density of individuals and to the high number of zero-plots.
